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Objecties. The present study aimed to inestigate the mecha-
nism of intracaitary changes in filling pattern during acute ischemic
left entricular failure and during beta-adrenergic blockade .
Background. Recent clinical studies with color M-mode Dopp-
ler imaging hae shown abnormal intracaitary filling patterns in
the diseased entricle
.
Methods. In open chest anesthetized dogs with intracardiac
micronlanometers and myocardial segment-length crystals, global
ischemic
left entricular failure was induced (n = 8) by coronary
microembolization . In nonischemic entricles inotropy was de-
creased (n = 6) by intraenous propranolol and increased (n = 6)
by intraenous isoproterenol. From color M-mode Doppler images
we calculated the time difference between peak early diastolic
filling elocity at the mitral tip and apex using computer analysis .
The time difference of peak elocity was used as an index of the
timing of apical filling .
Results.
There was marked retardation of apical filling with
microembolization and propranolol. Time difference of peak e-
locity increased from 20 ± 6 (mean ± SEM) to 101 ± 17 ms (p <
There is increasing eidence that abnormalities in left entric-
ular diastolic function may contribute significantly to the symp-
tomatology in cardiac patients . Presently, there is no readily
aailable clinical method to quantitate diastolic dysfunction in
terms of rate of relaxation or passie elastic properties . With
pulsed Doppler echocardiography, howeer, it is possible to
measure the impact of altered left entricular diastolic properties
on the blood flow elocity pattern in the mitral orifice and in the
pulmonary eins. The diagnostic alue of such Doppler-deried
indexes, howeer, is somewhat limited because of the strong
influence of heart rate and entricular loading conditions (1-3) .
A few recent studies (4-6) hae addressed the question of
whether changes in the intraentricular flow pattern might be
used as markers of diastolic dysfunction . Because of the complex-
ity of the intraentricular flow pattern and lack of suitable
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0.05) and from 21 ± 8 to 80 ± 18 ms (p < 0.05), respectiely
. Time
constant of isoolumic relaxation increased from 34 ± 3 to 43 ±
51us (p < 0.05) and from 31 ± I to 39 ± 3 ms
(p < 0.05) during
nlicroetnbolization and beta-blockade, respectiely. Isoproterenol
tended to cause the opposite changes. Time difference of peak
elocity showed a positie correlation with time constant of
isoolumic relaxation (r = 0.89, p < 0.01) and a negatie correlation
with peak early transmittal pressure gradient (r = 0 .88, p < 0
.01)
. In
the intact left entricle, peak apical filling elocity coincided with
peak early transmitral pressure gradient . During ischemic failure,
howeer, peak rpical filling elocity occurred 53 ± 14 ms after peak
early transmitral pressure gradient had decreased to zero and at a
time when transmitral flow had ceased, suggesting a change in
intraentricular flow distribution .
Conclusions. Color M-mode Doppler imaging reealed retarded
apical filling during depression of myocardial function by global
myocardial ischemic or beta-blockade . The abnormal filling pat-
tern may be a sign of impaired left entricular relaxation .
(J Am Coll Cardiol 1994;24:663-70)
inestigatie tools there is rather limited knowledge about the
relation between diastolic function and intraentricular flow
distribution . Color M-mode Doppler imaging, howeer, has ade-
quate temporal resolution and allows axial mapping of intraen-
tricular blood flow elocities . Although lateral resolution is a
limitation, it has been possible to demonstrate characteristic
changes in the intraentricular flow pattern in the failing heart
(4,5). Stugaard et al
. (6) showed that regional myocardial isch-
emia induced by percutaneous transluminal coronary angioplasty
was associated with apparent impairment of left entricular apical
filling
. This obseration could be reproduced in an animal model
of regional ischemia that showed that retardation of apical filling
was related to dyssynergy of filling, with retarded filling of the
ischemic myocardial segment .
The present study was designed to inestigate mechanisms
of the altered color M-mode Doppler filling pattern in the
failing entricle
. Acute ischemic failure of the left entricle was
induced by microembolization of the left main coronary artery
(7) .
To quantitate the change in the color M-mode image,
computer analysis was used to calculate the time from peak
early filling elocity at the mitral tip to peak elocity in the
apical region
. This Doppler index was related to measures of
left entricular function and to the timing of the transmitral
0735-1097/94/$7
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pressure gradient
. Furthermore, to inestigate whether the
alterations in the Doppler pattern were due to ischemia as such
or to the depression of myocardial function, we studied the
effect of beta-adrenergic blockade.
Methods
Animal preparation.
Fourteen dogs of either gender,
weighing 17 to 26 kg, were gien thiopentone (25 mg/kg body
weight) and sodium pentobarbital (100 to 200 mg) intra-
enously, followed by a combination of morphine (50 to 1W
mg/h gien continuously) and sodium pentobarbital (50 mg
gien eery 1 .5 h as bolus injections) . The dogs were entilated
artificially using room air by a Sero Ventilator (model 900B,
Siemens, Elema, Stockholm, Sweden) . Blood gases and body
temperature were kept within physiologic ranges .
The chest was opened by a median sternotomy, and the
pericardium was split widely from apex to base . Jugular and
femoral eins were cannulated for olume infusion . Microma-
nometer-tipped catheters were positioned in the left atrium
and left entricle (models PC 350 and SPC 474A, respectiely,
Millar Instruments) through a pulmonary ein and a femoral
artery, respectiely. Pressure recorded from a fluid-filled lu-
men in the left entricular catheter was used to correct for the
baseline drift of the micromanometer . The left atrial micro-
manometer was corrected for baseline drift by comparing it
with left entricular pressure during long diastotes after en-
tricular extrasystoles. A fluid-filled catheter was adanced to
the ascending aorta for aortic pressure recordings . The fluid-
filled catheters were connected to pressure transducers (model
AE 840, SensoNor, Horten, Norway), In three dogs ascending
aortic flow was recorded by an ultrasound transit time flow-
meter (model T201, Transonics Systems, Inc .).
Regional myocardial function was assessed by sonomicrom-
etry. Two pairs of ultrasound cylindric transducers (Triton
Technology, Inc .) were implanted in the midmyocardium to
measure segment length in the distribution areas of the left
circumflex and left anterior descending coronary arteries, respec-
tiely
. Each pair was aligned 1 cm apart in the minor axis
circumference, approximately midway between base and apex .
Electrocardiograms, pressures, dimensions and aortic flow
were recorded by a Gould ES 2000 recorder at a paper speed
of 100 mm/s
. Data were simultaneously digitized and stored
and analyzed subsequently by CVSOFT (Odessa Computer)
.
Transthoracic ultrasonic measurements were performed
using a Vingmed CFM 700 cardiac scanner (Vingmed Sound,
Horten, Norway)
. From the apical long-axis iew a line w ;.s
placed centrally in the color inflow map, including both mitral
and apical flows, and elocities were measured along this line
.
The elocity filter was set at 12 cm/s, and the gain setting was
adjusted to aoid noise interference
. Care was taken that all
recordings were performed at the same site in the inflow part
of the left entricle
. The digital color clocity data were
transferred to an external computer (Macintosh II, Apple
Computer, Inc
.) for Further analysis.
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Traces from a representatie dog showing color M-mode
data together with pressure data are presented in Figure 1 .
We followed the national guidelines for animal care .
Procedure
. All recordings were taken with the dogs in left
lateral recumbent position and at end-expiration, with the
entilator off
. Because of acoustic interference, Doppler re-
cordings were performed separately, followed within 5 s by
measurement of pressures, dimensions and aortic flow . The
recorded pressures and dimensions were stable oer the entire
recording period .
Induction of ischemic failure (eight dogs) . Standard coro-
nary artery catheters (BARD/USCI, Proflow Soft-tip 6F, Gal-
way, Ireland and Schneider Softip 7F angiocatheter, Schneider
USA) were positioned in the left main coronary artery through
the right carotid or a femoral artery . Catheter positioning was
guided by fluoroscopy and injections of 5 to IO ml of contrast
medium (Omnipaquc, Nycomed, Oslo, Norway) . According to
the method of Smiseth and Mjos (7), plastic microspheres
(48 ± 0.5 µm) were injected into the left main coronary artery
in repeated boluses oer a period of I h .
Beta-blockade (sir dogs) . To compare results of the model
of ischemic failure with another model of reduced inotropy,
beta-blockade was induced by intraenous injection of pro-
pranolol (1 mg/kg) .
Isoproterrnol (sir dogs) . Inotropy was augmented by intrae-
nous infusion of isoproterenol (0 .075 µg-kg - '-min -' ). After a
stabilization period of at least 30 min, ischemic failure was
induced in three of these dogs ; in three others propranolol was
injected .
Voiwne loading (four dogs)
. Because ischemia was associated
with eleation of left entricular end-diastolic pressure, a separate
interention was performed before microembolization to study
how a preload increase influenced the color M-mode pattern in
the nonfailing entricle. Recordings were made during rapid
intraenous infusion of saline solution to a leel of end-diastolic
pressure comparable to that after microembolization .
Calculations of color M-mode Doppler data . We utilized a
toolbox of image processing routines (Echoprograms, Ving-
med Sound) and a spreadsheet program in the Macintosh
computer for color M-mode elocity analysis and calculations
.
Each picture element (pixel) in the color M-mode image
represented a elocity aeraged oer a 2 .3-mm distance in the
mitral to apical axis and oer 5 ms . The elocities were color
coded using a rainbow color system that allowed good isual
identification of the peak elocities
.
Early diastolic filling was defined by drawing an area of
interest in the color M-mode image with the tools in the
computer program. The elocity color data in this area were
decoded into numeric alues . The time of peak elocity in the
left entricular inflow at the tip of the mitral ale was defined
as the starting point zero
. The peak elocity was located at
each second pixel depth (i.e ., 0.46 cm) toward the apex . If peak
elocity at a gien depth was found in seeral adjacent pixels,
the most centrally located pixel was chosen . Time difference of
peak elocity was defined as the time difference between
occurrence of peak elocity in the apical region and at the
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Figure 1 . Top, Recordings from a representatie
	
Pressure
dog showing left entricular pressure (LVP), left
atrial pressure (LAP), transmitral pressure
gradi-
cnt and color M-mode data at control (left) and
during global isehemia after microembolization
(right)
. PCO = pressure crossoer. Bottom, Dia-
stolic inflow recorded by color M-mode Doppler .
Blood elocities are coded by the rainbow color
system . The highest elocities are depicted as
bright yellow or blue (effect of aliasing)
. The
timing of the elocity can be read from the
horizontal time axis . White dots indicate peak
elocity of the early inflow determined by com-
puter analysis of the signals at the different depths
(0.46-cm depths) from the tip of the mitral ale
to the apex . The horizontal gray stripes in the
Doppler recordings are artifacts caused by the
pressure catheter .
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mitral tip (Fig . 2) . Because the distance between the mitral and
the apical sampling olumes aried between dogs, the time
difference of peak elocity was normalized by diiding by the
distance in cm. Thus this index, measured as ms/cm, is the
inerse of the propagation elocity . Data from 3 consecutie
heart beats from each recording were aeraged .
Calculations of hemodynamic ariables . Prescures. Left
atria) pressure was measured at the time of left entricu'ar/left
atrial pressure crossoer in early diastole. The peak early
diastolic transmittal pressure gradient was calculated as the
maximal pressure difference between the left atrium and left
entricle in early diastole . The time constant of isoolumic
relaxation was calculated by the deriatie method In dP/dt,
measured from minimal dP/dt to pressure crossoer, according
to the method of Craig et al . (8),
where dP/dt is the first
CONTROL
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deriatie of left entricular pressure . Satisfactory r alues for
In dP/dt ersus pressure (> 0
.91) were obtained for all dogs .
Flow.
Stroke olume was determined by integrating the
aortic flow signal .
Dimensions.
Regional filling was measured as one-third
filling fraction, defined as the increase in myocardial segment
length occurring during the first third of diastole as a percent
of total lengthening . The onset of diastole was defined as the
crossoer between left atrial and left entricular pressure .
Systolic shortening was measured as the percent maximal
shortening occurring in systole . The one-third filling fraction
and systolic shortening were measured in the regions of both
left circumflex and left anterior descending coronary arteries
.
Furthermore, end-systolic and end-diastolic dimensions were
measured in both regions .
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Flure 2
. Calculation of the time difference hetween occurrence of
peak elocity in the apical region and at the mitral tip. Left, Color
M-mode Doppler recording of early diastolic inflow of I heart heat
during isehemic left entricular failure. The ertical axis represents the
distance from mitral tip to apex, and the horizontal axis shows the
timing.
Velocities are coded by a rainbow color system
; highest
elocities are depicted as bright yellow or
blue (aliasing) .
Black dots
indicate the computer-deried peak elocities at eery second pixel
depth (i .e ., eery 0
.46 cm) from mitral
tip to apex. Middle, Histogram
presentation of color
M-mode elocities at eery 0.46 cm
. Right,
Computer analysis of the color M-mode recording showing the timing
of peak elocity at the different depths from mitral tip to apex . The
time difference between occurrence of peak elocity in the apical
region and at the mitral tip (TD) can be read from the horizontal axis .
Statistics, Data are presented as sample mean alues,
together with standard error of the mean (SEM) or ranges
. For
uniariate comparisons of the data, paired and unpaired
t tests
(two-tailed) and analysis of ariance were performed
. Regres-
sion analysis was done according
to Glantz and Slinker (9) with
a multiple regression
model, including dummy ariables
to
account for between-subject differences . Multiple stepwise
regression analysis was also performed. A p alue
<0.05 was
considered statistically significant.
Results
Coronary microembolization
. The hemodynamic and color
M-mode Doppler results during
ischemic failure are presented
in Table 1
. The microembolization
procedure increased left
entricular end-diastolic pressure from 9 ± 1 to 21
± 2 mm Hg
(p < 0.05),
. Mean left atrial pressure
increased from 10 ± I to
21 ± 3 mm
Hg (p < 0
.05), and peak early transmitral pressure
gradient decreased from 5.1 ± 0
.6 to 2.1 ± 0.4 mm Hg (p <
0.05)
. The time constant of isoolumic
relaxation increased
from 34 ± 3 to 43 ± 5 ms (p
< 0.05). Systolic and
diastolic
aortic pressures decreased
significantly, whereas heart
rate was
unchanged . Stroke olume
(n = 3) decreased on aerage by
53%
. There was a marked
increase in left entricular end-
150
systolic segment length and a slight increase in end-diastolic
segment length . Maximal left entricular dP/dt decreased from
1,797 ± 125 to 740 ± 189 mm
Hg-s"'
(p < 0.05), whereas
Table 1. Results in Eight Study Dogs at Baseline and
During Microembolization
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'p < OAS, ersus baseline (paired t test) . Data presented are mean alue ±
SEM
. DAP = diastolic aortic pressure ; EDSL = end-diastolic
segment length;
EMB = microembolization ;
ESSL = end-systolic segment length; HR = heart
rate; LAD = left anterior
descending coronary artery region; LAP = left atrial
pressure
; LCx = left circumflex coronary artery region ; LV dP/dt = first deriatie
of left entricular pressure
; LVEDP = left entricular end-diastolic pressure; nTD =
normalized time difference between occurrence of peak elocity
in the apical region
and at the mitral tip; AP = early diastolic transmilral
pressure gradient; PCO =
pressure crossoer at start of diastole
; SAP = systolic aortic pressure; SS = systolic
shortening; SV = stroke olume;
Tau = time constant of isoolumic relaxation;
ID = time difference between
occurrence of peak elocity in the apical region and
at the mitral tip;'/ FF = '/
3 filling fraction .
Variable Baseline EMB
HR (beats/min)
113 ± I0 112 ± 12
SAP (mm
Hg) 87 ± 4 5b± 12'
DAP (mm Hg) 67 t 3 38 ± 7*
LVEDP (mm tag)
4 ± 1
21 ± 2'
LAP (mm Ilg) 111 ± 1
21-, 3 1
. P (mm Hg) 5.1 ± 0 .6 2 .1 ±0 .4*
Time from PCO to peak
.9P (ms) 26 ± 3
2615
Time from PC'O to zero AP (ms) 71 ± 5 64 ±
5'
SV(ml)
14±3 8±5
Maximal LV dP/dt (mm Hg-s ')
1,797 { 125 741) ± 189*
Minimal LV dP/dt (mm Hgs ')
-1 .639
103
-63) ± 210"
EDSL-LAD (mm) 8 .8 ± 1 .1 9 .7 ± 1 2'
EDSL-LCx (mm) 9.3 ± 0
.8
9
.4 ± 1 .1
ESSL-LAD (mm) 6.7 ± 0 .7 8 .4
± 1
.9'
ESSL-LCx (mm) 7.8 ± 0 .8 8 .8 ± 1 .2'
SS-LAD
24 ±_ 5 13 ± 4'
%
SS-LCx 18 ± 3 8 ± 3*
'A FF-LAD (%) 65 ± 3 67 ± 8
'A FF-LCx (!'c)
68 ± 4 59 ± 13
Tau (ms) 34 ± 3
43 ± 5'
TD (ms) 20 ± 6 101
± 17'
nTD (ms/cm)
8 ± 3 44 ± 7'
Time from PCO to peak apical elocity (ms) 29 ± 9
117
± 6'
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Figure 3. Graphic analysis of the time difference of peak filling
elocity at the dif ferent depths from the mitral tip to the apex at
control and during acute ischemic failure
. Zero time is the occurrence
of peak mitral elocity. Results arc presented as sample mean alues
with SEM
. There is a significant increase in the time difference at all
depths between the mitral tip and apex during acute ischemic failure .
*p < 0
.05 .
minimal left entricular dP/dt increased from -1,639 ± 103 to
--630 ± 210 mm Hg-s - ' (p < 0
.05) .
A color M-mode Doppler image from a representatie dog
is presented in Figure 1 . At baseline, the peak elocity
occurred nearly simultaneously in the apical region and at the
100
Table 2 . Results During Beta-Blockade and Isoproterenol Infusion in Six Dogs and During Volume Loading in Four Dogs
120
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mitral tip
. Figure 1 shows that peak apical filling elocity
coincided with peak transmitral pressure gradient
. During
acute ischernic failure, howeer, the peak apical
filling elocity
occurred late in diastole, that is, when there was minimal or no
flow across the mitral ale, and a considerable period after the
transmitral pressure gradient had decreased to zero
. These
isual obserations were confirmed by measurements of the
time difference between occurrence of peak elocity in the api-
cal region and mitral tip
. A considerable increase in the time
difference of peak elocity was found after coronary micro-
embolization, from 20 ± 6 to 101 ± 17 ms (p < 0
.05). During
ischemic failure, peak apical filling elocity occurred 53 ±
14 ms after the transmitral pressure gradient had decreased to
zero
. The normalized time difference of peak elocity showed
a similar pattern
. Mean alues of the timing of peak filling
elocity at the different intraentrieular leels are displayed in
Figure 3.
Beta-blockade
. Propranolol caused a change in filling pat-
tern that resembled that seen with microembolization . How-
eer, the changes were not as pronounced, either for the
hemodynamic ariables or for the color M-mode Doppler data
.
The mean results from the interention of beta-blockade are
presented in Table 2 . The time constant of isoolumic relax-
ation increased from 31 1 I to 39 ± 3 ms
. Maximal left
entricular dP/dt decreased from 1,562 ± 91 to 1,155 ±
129 mm Hg-s -1 (p < 0
.05), whereas minimal left entricular
dP/dt increased from -1,911 ± 170 to -1,404 ± 165 mm
Hg :s -1 (p < 0.05) . The
time difference of peak elocity increased
*p < 0,05, ersus baseline (paired t test) . Data presented are mean alue ±
SEM. B B = beta-blockade; ISO
= isoproterenol infusion ; VL = olume loading
; other
abbreiations as in Table 1 .
Variable Baseline 13B Baseline ISO Baseline
VL
HR (beats/min) 108 ± 10 111 ± 13 86 1- 5 103 * 10 94 '_ 7 145 , 1
SAP (mm fig) 92 ± 7 86-5 95±8 102±5 88±8 1(12±4
DAP
(mm Hg) 711 ± 4
63 +_5
76±6 71+2 72±5 69±7
LVEDP (mm Hg) 8 ± I H) ± ) 1031 8±1 8±1 23±1
LAP (mm Hg) 8 ± 1 9 ± 1 9±1
8±2 1032 20±6
all
(mm Hg) 3 9 ± (1.5
3
.4 ± 0.6 4.3±0 .4 4.6 ± 0.5 4.7'_-0.6 7 .0±(1.8
Time from PCO to peak AP (ms) 32 ± 6 29 ± 5 29±3 37±6 301- 1
24±1
Time from PCO to zero AP (ms) 77 ± 6 68 ± 6* 84 ± 10
92 ± 7 77±7 71±10
SV (ml) 12
± 2
1 t ± 2
17±2 18±2 i2±1 19±0
Maximal LV dP/dt (mm Hgs ') 1,562 ± 91 1,155 ± 129* 1,728 ± 127
2,385 ± 175* 1,619 ± 64 2,092 ± 1(18
Minimal LV dPldi (mm Hg-s ') 1,911 ± 170 -1,404 ± 165"
1,718 ± 197 -1,959 ± 25S -1,608 ± 267 -1,541 ± 77
EDSL-LAD (mm)
7.5 ± 0.6 7 .9 ±
0.5
7 .0 ± 0 .7 6.7±0.7
7.7±(1.9 9.G± IN
EDSL-LCx (mm) 7.5 ± (1.9 8 .0 ± I .l 9.3 -_"1 .(1
8.9 ± 1 .1 8.0'_0.6 8.6±(1.8
ESSL-LAD (mm) 6.1 ± 0.5 6 .7 ± 0 .6* 5 .9 ± 0 .8
5 .4 ± 0.7
6
.7±0
.9 7.3 ± 0 .9
ESSL-LCx (mm)
6.4 ± 0.8 7 .1 ± L0* 7 .9 ± 0.9 7.3±0
.9* 7.0'_0.7 7.5 ± 0.9
% SS-LAD 20 ± 2 17 ± 2* 20±3
22±3 14±3
17±2
% SS-LCx 17 ± 3
14 ± 2 17±2 20±2*
14±2 16±3
1La FF-LAD (ic)
79
± 3
7(1 ± 5 70±2
66±7 70±3 48±8
1
FF-LCx (%) 65 ± 10 03 ± 9 72±3
70±5 74±5
58±4
Tau (ms) 31 ± 1 39 ± 3*
34±3
29±4 36±3 36±4
TD (ms) 21 ± 8
80 ± 18* 40±14
30±9 29±25 42±12
nTD (ms/cm) 7 ± 3 31 ± 8* 14±5
it ±3 10±8
14±4
Time from PCO to peak apical
elocity (ms)
25 ± 8
84 ± 19 42±16
38±7 47±37 53±16
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from 21 t 8 to 80 ± 18 ms. At baseline, peak apical filling elocity
coincided with peak transmittal pressure gradient, whereas dur-
ing beta-blockade, peak apical filling elocity occurred 31 ± 19 ms
after the transmittal pressure gradient had decreased to zero .
Isoproterenol.
The hemodynamic and color M-mode re-
sults are shown in Table 2. Isoproterenol tended to decrease
the time difference of peak elocity and the time constant of
isoolumic relaxation, but the changes were not statistically
significant
. Maximal left entricular dP/dt increased from
1,728 ± 127 to 2,385 ± 175 mm Hg-s 1 (p < 0.05), whereas
minimal left entricular dP/dt decreased slightly, from -1,718
*_ 197 to -1,959 ± 255 mm Hg-s 1 (p = NS) .
Volume loading.
During olume loading to a left entricu-
lar end-diastolic pressure of 23 ± 1 mm Hg, the time difference
of peak elocity showed a slight increase (Table 2) . The time
constant of isoolumic relaxation was unchanged . Heart rate
increased
. Maximal left entricular dP/dt tended to increase,
and end-diastolic and end-systolic segment lengths tended to
increase .
Relation between time difference of peak elocity and
hemudynamicariables . Regression analysis of alues before
and during coronary embolization showed that the time differ-
ence of peak elocity correlated positiely with the time
constant of isoolumic relaxation (r = 0 .89, p < 0.01), minimal
left entricular dP/dt (r = 0 .95, p < 0.001), left entricular
end-diastolic pressure (r = 0 .91, p < 0.01), end-systolic
myocardial segment length of the left circumflex coronary
artery area (r = 0.80, p < 0.05) and with end-systolic myocar-
dial segment length of left anterior descending coronary artery
area (r = 0.82, p < 0.05). Furthermore, there was a negatie
correlation between the time difference of peak elocity and
the peak early transmittal pressure gradient (r = 0 .88, p <
0
.01).
In addition, for all interentions we performed a stepwise
regression analysis between changes in the time difference of
peak elocity and ;hanges in the time constant of isoolumic
relaxation, minimal left entricular dP/dt, intracaitary pres-
sures, transmittal pressure gradient, dimensions and heart
rate. Only the relation between changes in the time difference
of peak elocity and changes in the time constant was signifi-
cant, with F = 19
.0 and r = 0
.74 (Fig. 4).
Discussion
The present study demonstrates a marked change in the
intraentricular filling pattern during acute ischemic failure
. In
the intact left entricle, color M-mode Doppler imaging
showed rapid early diastolic filling from base to apex, whereas
during ischemic failure the early diastolic filling phase ap-
peared markedly
retarded, and peak elocities in the apical
region occurred late in diastole.
Possible
mechanisms of filling patterns .
A similar pattern
of retarded apical' filling has been obsered in patients with
ischemic cardiomyopathy and apical dyskinesia
(4) . Brun et al.
(5) suggested that the abnormal filling pattern was due to
impaired' entricular relaxation
. In a preious study (6) we
30
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Figure 4
. Relation between changes in time difference between occur-
rence of peak elocity in the apical region and at the mitral tip (,TD)
and changes in time constant of isoolumic relaxation (,Tau) during
the different interentions. The regression analysis showed r = 4
.69
and p < 0 .01 . = microembolization ; = beta-blockade; A
isoproterenol infusion .
obsered a color M-mode pattern of delayed apical filling
during regional myocardial ischemia in dogs and could show
that this was related to a slowing of left entricular relaxation
and to asynchrony of filling of the ischemic and nonischemic
myocardial segments .
In the present study the pattern of retarded apical filling
was obsered during global left entricular ischemia, as well as
during myocardial depression with beta-blockade. Thus, the
altered filling pattern could not be ascribed to ischemia as
such; rather, it was related to depression of myocardial func-
tion . Regression analysis showed a strong relation between the
time difference of peak elocity and the time constant of
isoolumic relaxation, and the time constant was the only
significant determinant of the time difference of peak elocity
in a stepwise regression analysis with multiple hemodynamic
factors included . This suggests that the retarded intraentric-
ular propagation of blood toward the apex might be attributed
to delayed left entricular relaxation, with a subsequent reduc-
tion in the transmittal driing pressure . This notion is sup-
ported by the strong negatie correlation between the time
difference of peak elocity and the peak early transmittal
pressure gradient
. Although the present model of ischemic
failure produces global left entricular dysfunction, we cannot
exclude some degree of nonuniformity. Therefore, inhomog-
enous relaxation (8,10) may hae contributed to the delay of
apical filling.
In the failing entricle there was not only a reduced driing
force for transmittal flow, but also an increased intraentricu-
tar mass of blood at the start of mitral inflow . The increased
blood olume would make inertial effects stronger and might
hae contributed to the slowing of blood propagation toward
the apex.
Although this rather simplistic explanatory model might be
attractie, it does not reconcile all obserations . It is difficult to
explain how a moderate prolongation of the time constant of
relaxation can account for the dramatic retardation of apical
JACC Vol, 24, No
. 3
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filling during ischemic failure, in some instances delaye=d until
near end-diastole and occasionally continuing into tee follow-
ing systole. Furthermore, during ischemic failure we consis-
tently found the highest apical blood flow elocities at a time
when transmitral filling had ended, a considerable time after
the transmitral pressure gradient had declined to zero (Fig . 1) .
In the intact entricle, howeer, peak apical filling elocity
corresponded to the peak transmitral pressure gradient. Taken
together these obserations suggest that the altered color
M-mode pattern during ischemic failure is partially due to a
change in intraentricular flow distribution .
Beppu et al . (11) used contrast echocardiography to dem-
onstrate the formation of eddy currents in the left entricle
during coronary occlusion in dogs
. A similar mechanism was
proposed by Delemarre et al . (12) to explain abnormal color
M-mode flow patterns in patients with myocardial infarction .
Such a flow pattern with blood in motion as well as blood
stagnating in the entricle may explain why apical filling occurs
while there appears to be no inflow from basal parts of the
entricle
.
In the present study we did not attempt to relate Doppler
flow patterns to intraentricular pressure gradients . The ob-
serations of Courtois et al. (13,14) that the normal early-
diastolic entricular base to apex pressure gradient is reduced
or lost during myocardial ischemia might represent a pressure
equialent to the impaired apical tilling obsered in the present
study .
Changes in loading conditions and heart rate are known to
influence diastolic function (15,1fr) . In the present study coro-
nary embolization caused a marked increase in left entricular
end-diastolic pressure that might hae influenced the filling
pattern
. In the intact entricle, olume loading to left entric
ular end-diastolic pressure leels comparable to those achieed
with microembolization caused only a slight increase in the
time difference of peak filling elocity. In a preious study (6)
we found no significant change in the timing of apical peak
filling elocity during atrial pacing tachycardia in the intact
entricle
. Therefore, the marked retardation of apical filling in
the depressed entricle cannot be attributed to changes in
preload or heart rate . This is in contrast to the Doppler
transmitral flow pattern, which tends to normalize at high
filling pressures (17-19). It remains possible, howeer, that
significant mitral regurgitation, which will lead to markedly
higher early diastolic transmitral pressure gradients, may nor-
malize the color M-mode pattern (20) .
Study limitations. The color M-mode Doppler method mea-
sures elocities in one dimension, whereas three-dimensional flow
imaging would hae been preferable. Howeer, the timing of the
intraentricular elocities was most important in this study, and
high time resolution of the technique was therefore necessary .
Preparation of the dogs was influenced by the anesthesia
and the operation
. In parti .ular the thoracotomy and pericar-
diotomy must hae influenced extraentricular pressures (21) .
The main objectie of this study, howeer, was not to charac-
terize diastolic function in a physiologic preparation ; rather, it
was to relate the abnormal flow pattern in the failing entricle
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to other indexes of diastolic function
. In our opinion our
findings are not inalidated in such a preparation,
Conclusions
. Depression of myocardial function by isch-
emia or beta-blockade was associated with marked changes in
the intraentricular filling pattern
. The present study does not
allow conclusions with respect to the relatie contribution of
each of the proposed mechanisms and to what extent they are
interrelated
. Multiple regression analysis, howeer, suggests
that delayed relaxation is of major importance
. Because similar
flow patterns seem to exist regardless of the etiology of entricular
dysfunction, color M-mode Doppler imaging may be somewhat
limited in its ability to diagnose specific cardiac disease entities
. It
remains to he inestigated whether disturbed intraentricular flow
imaged by color M-mode Doppler might sere as a clinically
useful marker of diastolic dysfunction
.
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